Self-referenced waveform characterization of ultrashort pulses has been experimentally realized. The electric field oscillations of few-cycle mid-infrared pulses were characterized without any reference pulses.
two and the delay between the two pulses was controlled by a highly precise translation stage. The beam was focused into a GaSe crystal (t=30 μm). The SH appears in between the two beams when the two pulses are spatially and temporally overlapped at the focus. At the same time, SD signal also appears outside of the beams (see Fig. 1(b) ). We recorded a SHG-FROG trace from the SH signal generated in between the two beams, whereas the interferogram between SH generated along one beam and SD signal was recorded by using ellipsometry technique.
The signal of the interferogram can be expressed as The third term is the interference term, which contains the information of CEP. To obtain the correct CEP value, deconvolution of the third term is necessary. It is possible by obtaining E 2 (t) 2 from the result of SHG-FROG.
One example of the data set is shown in Fig. 2 . Figure 2(a) shows an SHG-FROG trace. The dashed blue curve in Fig. 2(b) shows an interferogram between SH and SD signals. The process of the field retrieval is as follows. (i) The intensity and phase of the MIR pulse in frequency domain (red shaded curve and closed squares in Fig. 2(c) , respectively) are obtained from the SHG-FROG trace in Fig. 2(a) . (ii) The amplitude and phase of the EOS signal in frequency-domain (blue shaded and solid curves in Fig. 2(c) , respectively) are obtained through Fourier transform of the EOS signal in Fig. 2(b) . (iii) The EOS signal in frequency-domain is divided by the complex conjugate of the Fourier-transform of the square of the intensity, E 2 (t) 2 (green dashed curve and closed circles, respectively). It corresponds to a deconvolution process. (iv) The spectral phase obtained with the FROG is corrected by shifting it to be matched with the phase of the deconvoluted EOS signal in the overlapped region. (v) The electric field of the MIR pulse (red curve in Fig. 2(b) ) is obtained by Fourier transform of the FROG result with the corrected phase. The phase of the Fourier transform of E 2 (t) 2 has large variance in the frequency region higher than 2600 cm −1 due to the low amplitude of the function. Therefore, the slopes of the phases of FROG and EOS do not match in that frequency region. Nevertheless, we are able to obtain the phase offset by using the data in the low frequency region. In the end, the absolute phase of the pulse is obtained as 0.16π at 3000 cm −1 through the retrieval process. The uncertainty of the phase value is estimated as 0.02π from the standard error obtained with a bootstrap method. At the conference we plan to explain the detail of the concept of the self-referenced waveform characterization.
